Introduction
============

Becoming a worldwide public health issue, open-globe injury (OGI) is a common eye disease with sharp decline in vision. The incident rate of ocular trauma is expected to be 1.6%±0.2% in North China.[@b1-ndt-12-1901] Clinically, ocular trauma is mainly divided into OGIs and closed-globe injuries. OGIs occur more often than closed-globe injuries.[@b2-ndt-12-1901] OGI leads to serious visual impairment and is often associated with corneal injury and iris prolapse,[@b3-ndt-12-1901] retinal detachment,[@b4-ndt-12-1901] glaucoma,[@b5-ndt-12-1901] and endophthalmitis.[@b6-ndt-12-1901] Currently, surgery is the main treatment for OGI.[@b7-ndt-12-1901] OGI causes serious damage to vision, even blindness in some OGI patients.[@b8-ndt-12-1901]

At present, computed tomography (CT) and B-scan ultrasonography are important clinical tests for diagnosis of OGI. CT is a noninvasive imaging diagnostic method that can provide useful information to the diagnosis of OGI.[@b9-ndt-12-1901],[@b10-ndt-12-1901] However, CT can only diagnose the integrity of the eyeball; hence, it is insufficient to provide guidance for clinical treatment.[@b11-ndt-12-1901] Compared with CT, B-scan ultrasonography is an effective measurement for OGI.[@b12-ndt-12-1901] B-scan ultrasonography can identify retinal detachments and retinal lesions in OGI patients,[@b13-ndt-12-1901] which is beneficial for the treatment of OGI. Moreover, B-scan ultrasonography can evaluate the prognosis of OGI. The abovementioned inspection methods focus merely on the ocular trauma in OGI. However, other visual systems, including the connecting pathways and the visual cortex, are often overlooked. Optic nerve atrophic diseases can lead to abnormal visual pathways and visual cortex, such as optic neurities.[@b14-ndt-12-1901] Clinically, we found that despite successful emergency surgeries in some acute OGI patients, their vision continued to decrease. The mechanisms of optic neuropathy and cerebral functional changes caused by OGI should be further explored.

Resting-state functional magnetic resonance imaging (fMRI) is a functional brain imaging technique that can evaluate intrinsic brain activity in subjects at rest.[@b15-ndt-12-1901] The regional homogeneity (ReHo) method is widely used to determine local synchronization of spontaneous fMRI signals and provides useful information on brain activities.[@b16-ndt-12-1901],[@b17-ndt-12-1901] Previous studies have demonstrated that ReHo has high test--retest reliability and neurobiological relevance and it could serve as a neuroimaging marker to investigate the human brain function.[@b18-ndt-12-1901],[@b19-ndt-12-1901] The ReHo method has been successfully deployed to investigate pathological mechanisms of neural diseases such as optic neuritis,[@b20-ndt-12-1901] Parkinson's disease,[@b21-ndt-12-1901] and sleep deprivation.[@b22-ndt-12-1901] However, it has not yet been used to explore the pathophysiological changes in OGI. Many studies focused on the mechanism of eye damage in acute OGI patients. OGI may be accompanied by impaired visual pathways and changes in activities of the cerebral cortex. This study was designed to evaluate regional spontaneous brain activities in patients with OGI and their relationship with behavioral performances.

Patients and methods
====================

Subjects
--------

A total of 18 acute OGI patients (16 males and two females, with nine right eyes and nine left eyes of injured eye) were recruited from the Department of Ophthalmology, The First Affiliated Hospital of Nanchang University Hospital. They were diagnosed with unilateral acute OGI based on the following criteria: 1) severe ocular trauma in unilateral eye, 2) acute vision loss after ocular trauma, 3) low intraocular pressure in injured eye, 4) cornea and scleral rupture, 5) orbital CT or orbital MRI showing incomplete eyeball wall in injured eye, and 6) contralateral eye best-corrected vision ≥1.0.

Subjects were excluded from the study if they had the following conditions: 1) anterior segment diseases before the injury (such as glaucoma, cataract, strabismus, and pterygium), 2) other ocular neuropathy (such as infection, inflammation and ischemia diseases, hereditary optic neuropathy, demyelinating diseases, ischemic optic neuropathy, vascular lesions, toxic lesions, and intraocular placeholder lesions), 3) mental nervous system disorders and cerebral infarction diseases such as systemic disorders, 4) diabetes and cardiovascular diseases, and 5) addictions (eg, drugs or alcohol).

Eighteen healthy controls (HCs; 16 males and two females) with similar age, sex, and education status were also recruited in this study. HCs were recruited from healthy volunteers among the citizens of Nanchang, Jiangxi Province, People's Republic of China. All HCs met the following criteria: 1) no abnormalities in brain structure with brain MRI (such as cerebral hemorrhage, cerebral infarction, cerebrovascular malformation, and a brain tumor), 2) no eye disease and naked eye or corrected visual acuity (VA) \>1.0, 3) no mental disorders (such as depression disorders, anxiety disorders, and Alzheimer's disease), and 4) no MRI scanning contraindications (such as cardiac pacemaker and other metal devices).

This study was authorized by the First Affiliated Hospital of Nanchang University Hospital's ethics committee. All research methods followed the Declaration of Helsinki and conformed to the principles of medical ethics. All subjects participated voluntarily and were informed of the purposes, methods, and the potential risks, and all subjects signed an informed consent form.

MRI parameters
--------------

MRI scanning was performed on a 3-T MR scanner (Trio, Siemens, Germany). High-resolution T1-weighted images were acquired as described previously.[@b18-ndt-12-1901] The T1 parameters (repetition time =1,900 ms, echo time =2.26 ms, thickness =1.0 mm, gap =0.5 mm, acquisition matrix =256×256, field of view =250×250 mm^2^, and flip angle =9°) and 240 functional image parameters (repetition time =2,000 ms, echo time =30 ms, thickness =4.0 mm, gap =1.2 mm, acquisition matrix =64×64, flip angle =90°, field of view =220×220 mm, and 30 axial slices with Gradient-Recalled Echo-Planar Imaging pulse sequence) covering the whole brain were obtained.

fMRI data analysis
------------------

All the functional data were prefiltered with MRIcro ([www.MRIcro.com](http://www.MRIcro.com)) and preprocessed using SPM8 (<http://www.fil.ion.ucl.ac.uk/spm>) and DPARSF (<http://rfmri.org/DPARSF>), after slice timing, head motion correction, spatial normalization, smooth with a Gaussian kernel of 6×6×6 mm^3^ full-width at half-maximum. First, participants with head motion \>1.5 mm or 1.5° in any of the six parameters (*x*, *y*, *z*) were excluded. Then the functional images were spatially normalized to the Montreal Neurological Institute (MNI) space using the standard EPI template and resampled at a resolution of 3×3×3 mm^3^. Finally, detrending and bandpass filtering (0.01--0.08 Hz) of the fMRI data were used to reduce physiological noise. Based on Kendall's coefficient of concordance (KCC), ReHo computation was performed with REST (<http://www.resting-fmri.Sourceforge.net>). Individual ReHo maps were generated by calculating the KCC of the time series of a given voxel with those of its nearest neighbors (26 voxels) in a voxel-wise manner with the formula ReHo = ∑(*R*~i~)[@b2-ndt-12-1901] − n(*R*^−^) 2*K*^2^ (n[@b3-ndt-12-1901]−n)/12, where ReHo is the KCC for a given voxel, ranging from 0 to 1; when the ranked time series is more consistent with its adjacent ones, the KCC value is more close to 1. *k* is the voxel number among time series (in our study, *k*=27, including one given voxel that was located in the cubic center and its adjacent 26 voxels); n is the number of ranks; *R*~i~ is the sum rank of the *i*th time point, and $\overline{R} = \left( {n + 1} \right)K/2$ is the mean of the *R*~i~s. The KCC value was referred to the central voxel among the cluster. The individual KCC-ReHo map was generated in a voxel-wise basis for all datasets. To reduce the effect of individual variations in the KCC value, ReHo maps were normalized to the averaged KCC of the whole brain.

Statistical analysis
--------------------

A general linear model analysis was performed with the SPM8 toolkit to calculate the group differences in ReHo values between acute OGI patients and HCs. The significance level was set at *P*\<0.05, with Gaussian random field theory corrected, minimum *z*\>2.3.

Brain behavior correlation analysis
-----------------------------------

Based on the ReHo findings, the different brain regions between-groups were classified as regions of interest with the REST software. All clinical data of OGI patients were collected, including duration from onset of OGI to resting-state fMRI scan and best-corrected VA of both eyes in all subjects using logarithmic VA chart. The nonparametric statistical analysis was performed to evaluate the relationship between the mean ReHo value in different brain regions and the related clinical features in OGI group. *P*\<0.05 was considered statistically significant.

Clinical data analysis
----------------------

For behavioral performances, two-sample Student's *t*-test was used for continuous data. *P*\<0.05 was considered statistically significant. The IBM SPSS software Version 20.0 statistical software (IBM Corporation, Armonk, NY, USA) was used for the statistical analyses.

Results
=======

Demographics and visual measurements
------------------------------------

There were no obvious differences in weight (*P*=0.970), age (*P*=0.924), but significant differences in best-corrected VA-right (*P*\<0.001) and best-corrected VA-left (*P*\<0.001) were observed between patients with OGIs and HCs. Details are presented in [Table 1](#t1-ndt-12-1901){ref-type="table"}.

ReHo differences
----------------

Compared with HCs, acute OGI patients had significantly increased ReHo values in the right cerebellum posterior lobe/lingual gyrus, left superior temporal gyrus/inferior frontal gyrus, left inferior frontal gyrus, left posterior cingulate cortex (PCC)/precuneus, and left precentral operculum ([Figure 1](#f1-ndt-12-1901){ref-type="fig"} and [Table 2](#t2-ndt-12-1901){ref-type="table"}). The mean values of altered ReHo between patients with OGI and HCs are shown in [Figure 2](#f2-ndt-12-1901){ref-type="fig"}.

Correlation analysis of ReHo values and clinical outcomes in OGI group
----------------------------------------------------------------------

In the acute OGI group, there was no relationship between the observed mean ReHo values of the different brain areas and the behavioral performance, as shown by the nonparametric statistics analysis (*P*\>0.05).

Receiver--operating characteristic curve
----------------------------------------

We obtained different ReHo values between the OGI and HC groups, which could be utilized as markers to separate OGI patients from HCs. To test this possibility, the mean ReHo values in different brain regions were used for analysis of the receiver--operating characteristic curves. In this study, the values of the area under the curve were the right cerebellum posterior lobe/lingual gyrus (0.969), left superior temporal gyrus/inferior frontal gyrus (0.997), left inferior frontal gyrus (0.935), left PCC/precuneus (0.997), and left precentral operculum (0.923) ([Figure 3](#f3-ndt-12-1901){ref-type="fig"}).

Discussion
==========

To our knowledge, this is the first study to evaluate the effects of acute OGI patients on resting-state brain activity using the ReHo technique and the relationship between fMRI and clinical results. Compared with HCs, acute OGI patients had significantly increased ReHo values in the right cerebellum posterior lobe/lingual gyrus, left superior temporal gyrus/inferior frontal gyrus, left inferior frontal gyrus, left PCC/precuneus, and left precentral operculum. The lingual gyrus located in the occipital lobe is involved in visual processing.[@b23-ndt-12-1901] A previous study reported high activities in the lingual area during visual encoding.[@b24-ndt-12-1901] Besides, the lingual gyrus has been suggested to control spatial memory[@b25-ndt-12-1901] and global shape processing.[@b26-ndt-12-1901] In our study, we found that OGI patients had significantly increased ReHo values in the lingual gyrus, indicating a stronger lingual gyrus activity than that in HCs. We speculated that OGI may lead to dysfunction of the lingual gyrus.

The superior temporal gyrus located in the temporal lobe is involved in auditory,[@b27-ndt-12-1901] language processing,[@b28-ndt-12-1901] and audiovisual encoding.[@b29-ndt-12-1901] A previous study demonstrated that the superior temporal gyrus played an important role in the auditory--visual encoding.[@b30-ndt-12-1901] Additionally, it is responsible for complex visual stimuli processing, including facial movements and hand actions.[@b31-ndt-12-1901] In our study, we observed that OGI patients had significantly increased ReHo values in the left superior temporal gyrus, which may be related to the compensation of visual loss in OGI patients.

The PCC, located in the back of the cingulate cortex, is a central node in the default mode network. The PCC played an important role in cognitive.[@b32-ndt-12-1901] Moreover, the metabolic reduction in the PCC is seen in early Alzheimer's disease.[@b33-ndt-12-1901] Previous studies demonstrated the presence of altered cannabinoid receptor and GABA receptor in the PCC in schizophrenia patients.[@b34-ndt-12-1901],[@b35-ndt-12-1901] In our study, we found that patients with OGI showed higher ReHo values in the left PCC. Thus, we speculated that OGI may lead to the dysfunction of PCC.

The precuneus located on forward of the occipital lobe contributes to visuospatial[@b36-ndt-12-1901] and memory.[@b37-ndt-12-1901] Meanwhile, it is the core part of default-mode network.[@b38-ndt-12-1901] Moreover, previous studies have demonstrated the dysfunction of precuneus in many diseases such as Alzheimer disease,[@b39-ndt-12-1901] depression,[@b40-ndt-12-1901] and Schizophrenia.[@b41-ndt-12-1901] In our study, we found higher ReHo values in the precuneus in patients with OGI. We speculated that OGI may lead to dysfunction of the precuneus.

Conclusion
==========

We found that patients with OGI patients had abnormal spontaneous activity in many brain regions, which may be related to the compensation of vision loss in acute OGI patients. These findings provided important information for the understanding of neural changes in unilateral OGI patients. However, there were some limitations to our study, such as the relatively small sample size. Moreover, the clinical characteristics were not strictly defined. We included both right eye and left eye injury patients, which might affect the ReHo findings. In future studies, we will distinguish these differences and measure brain function activity changes more accurately.
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![Spontaneous brain activity in the OGI and HC groups.\
**Notes:** Significant differences in activity were observed for the right cerebellum posterior lobe/lingual gyrus, left superior temporal gyrus/inferior frontal gyrus, left inferior frontal gyrus, left posterior cingulate cortex/precuneus, and left precentral operculum. The red areas denote higher ReHo values. *P*\<0.05 for multiple comparisons using Gaussian random field theory (*z*\>2.3, cluster-wise *P*\<0.05 corrected).\
**Abbreviations:** OGI, open globe injury; HC, healthy control; ReHo, regional homogeneity; CPL, cerebellum posterior lobe; LG, lingual gyrus; STG, superior temporal gyrus; IFG, inferior frontal gyrus; PCC, posterior cingulate cortex; PCUN, precuneus; PrCO, precentral operculum.](ndt-12-1901Fig1){#f1-ndt-12-1901}

![The mean of altered ReHo values between patients with OGIs and HCs.\
**Abbreviations:** ReHo, regional homogeneity; OGI, open globe injury; HCs, healthy controls; RCPL, right cerebellum posterior lobe; LG, lingual gyrus; LSTG, left superior temporal gyrus; IFG, inferior frontal gyrus; LIFG, left inferior frontal gyrus; LPCC, left posterior cingulate cortex; PCUN, precuneus; LPrCO, left precentral operculum.](ndt-12-1901Fig2){#f2-ndt-12-1901}

![ROC curve analysis of the mean ReHo values for altered brain regions.\
**Note:** The areas under the ROC curve (AUCs) for ReHo values: RCPL/LG (0.969), LSTG/IFG (0.997), LFG (0.935), LPCC/PCUN (0.997), and LPrCO (0.923).\
**Abbreviations:** ROC, receiver--operating characteristic; ReHo, regional homogeneity; RCPL, right cerebellum posterior lobe; LG, lingual gyrus; LSTG, left superior temporal gyrus; IFG, inferior frontal gyrus; LIFG, left inferior frontal gyrus; LPCC, left posterior cingulate cortex; PCUN, precuneus; LPrCO, left precentral operculum.](ndt-12-1901Fig3){#f3-ndt-12-1901}

###### 

Demographic information and clinical measures of OGI patients and HCs

  Conditions                                           OGI patients   HCs           *t*      *P*-values[\*](#tfn1a-ndt-12-1901){ref-type="table-fn"}
  ---------------------------------------------------- -------------- ------------- -------- ---------------------------------------------------------
  Male/female                                          16/2           16/2          N/A      \>0.99
  Age (years)                                          44.61±14.08    44.17±13.81   0.096    0.924
  Weight (kg)                                          60.17±4.64     60.11±4.10    0.038    0.970
  Handedness                                           18R            18R           N/A      \>0.99
  Duration from onset of OGI to rs-fMRI scan (hours)   26.95±9.05     N/A           N/A      N/A
  Best-corrected VA-right                              0.58±0.60      1.26±0.21     −4.595   \<0.001
  Best-corrected VA-left                               0.65±0.55      1.22±0.17     −4.273   \<0.001

**Notes:** Data presented as number or mean ± standard deviation.

Independent Student's *t*-tests comparing the two groups (*P*\>0.05).

**Abbreviations:** OGI, open globe injury; HC, healthy control; N/A, not applicable; R, right; rs-fMRI, resting-state functional magnetic resonance imaging; VA, visual acuity.

###### 

Brain regions with significant differences in ReHo between OGI patients and HCs

  OGI patients and HCs                                  MNI coordinates                             
  ----------------------------------------------------- ----------------- ------- ----- ----- ----- -----
  Right cerebellum posterior lobe/lingual gyrus         18                4.299   183   24    −99   −15
  Left superior temporal gyrus/inferior frontal gyrus   38, 22, 21        3.893   119   −45   33    −3
  Left inferior frontal gyrus                           47                3.284   13    −42   30    −15
  Left posterior cingulate cortex/precuneus             31, 30, 29, 23    4.516   163   −6    −54   12
  Left precentral operculum                             44                2.674   14    −45   9     6

**Note:** The statistical threshold was set at voxel with *P*\<0.05 for multiple comparisons using Gaussian random field theory (*z*\>2.3, cluster-wise *P*\<0.05 corrected).

**Abbreviations:** ReHo, regional homogeneity; OGI, open globe injury; HCs, healthy controls; MNI, Montreal Neurological Institute; BA, Brodmann area.
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